It has been known that mouse, rat, and human Nacetylglucosaminyltransferase I (GnT-I) genes produce at least two transcripts, which diŠer in their 5?-untranslated region (5?-UTR) length, and the longer transcript is preferentially expressed in brains. However, the physiological meaning of this brain-speciˆc expression pattern was unknown. We cloned the rat GnT-I gene and analyzed its structure. It consisted ofˆve exons, and four of them coded only 5?-UTRs. A putative NF-kB binding site was found in the 5?-‰anking sequence for the transcript that was previously shown to be induced by in‰ammation. The unusually long 5?-UTR of the major GnT-I transcript in rat brain was shown to inhibit protein production from the following coding sequence in COS7 cells. Comparison of the GnT-I protein W mRNA ratio in rat brain and liver showed that GnT-I mRNA in the brain was translated 3.8-times less e‹ciently than in the liver. Implications are discussed of these results in regulation of GnT-I expression in rat brain.
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Key words: N-acetylglucosaminyltransferase I; untranslated region; NF-kB; gene regulation; tissue-speciˆc expression N-acetylglucosaminyltransferase I (GnT-I; EC 2.4.1.101) is a protein N-glycosylation enzyme that initiates the conversion of high-mannose N-glycans to hybrid and complex N-glycans in mammalian glycoprotein biosynthesis. 1) Although loss of GnT-I activity in cultured mammalian cells caused no apparent defect in their growth, GnT-I-deˆcient mice die during embryonic development, suggesting important roles of GnT-I and complex N-glycans in the development of multicellular organisms. [2] [3] [4] [5] Two mRNA species diŠering by ¿400 bp in length were observed for rat, mouse, and human GnT-I on northern blots. [6] [7] [8] [9] The structural diŠerence of these mRNA species was in the length of their 5?-untranslated regions (5?-UTRs). [9] [10] [11] In the case of rat GnT-I, the 3.3-kb mRNA was the predominant transcript in brain, while most other tissues preferentially expressed the 3.0-kb mRNA. This characteristic expression pattern in brain was also found for mouse and human GnT-I. Because of its evolutionary conservation, the brain-speciˆc expression of thè`l onger'' GnT-I transcript was likely to have some physiological meaning, which was still unclear.
We previously reportedˆve classes of rat GnT-I mRNA that had diŠerent 5?-UTR sequences, and showed that the structural diŠerence between the 3.3-and 3.0-kb GnT-I mRNA was only in their 5?-UTRs. 10) In this study we cloned the genomic gene of rat GnT-I and analyzed its exon-intron structure that was responsible for production of theˆve classes of mRNA. The long 5?-UTR of the 3.3-kb mRNA was found to be inhibitory to protein production from the following coding sequence and to suppress GnT-I protein translation from this class of mRNA in rat brain. Together with the result of sequence analysis for transcriptional regulatory elements, a possibility is discussed of cell type-speciˆc expression of GnT-I in rat brain, caused by cell-speciˆc induction of a translationally active class of mRNA over the basal expression of the relatively inactive 3.3-kb mRNA.
Materials and Methods
Cloning of genomic DNA fragments of rat GnT-I gene. A lambda genomic library of the Wistar rat was purchased from Stratagene. We screened it with 32 Plabelled 5?-RACE fragments corresponding to either exon 1A, exon 2, or the coding region of GnT-I, and obtained three overlapping fragments which covered all the known nucleotide sequences in the rat GnT-I cDNA 6) and 5?-RACE clones 10) we previously reported. These fragments were mapped and divided by restriction enzyme cleavages and subcloned into pBluescript vectors (Stratagene). The fragments corresponding to GnT-I exons were identiˆed by Southern hybridization with ECL Direct Nucleic Acid Labeling and Detection System (Amersham) and sequenced.
Cap-dependent 5?-RACE. The Cap Site cDNA dT of rat liver and brain, which was synthesized from mRNA to which adapter DNA had been ligated on its 5?-end in a cap-dependent manner, was purchased from Nippon Gene (Toyama, Japan). Theˆrst round of the nested 5?-RACE was done with primer 1RDT (accompanying the purchased cDNA) and GnT-I primer 1 (GCCCACAAAGATGATAGCACC), and the second round with primer 2RDT and GnT-I primer 2 (GCAGACTGCTTCTTCAGCATCC). The reaction mixture (20 ml) consisted with 0.4 ml of Cap Site cDNA dT or theˆrst-round PCR product, 1× PCR buŠer (QIAGEN), 0.2 mM dNTP, 0.5 mM primers, 2 units of HotStar Taq (QIAGEN), and water. It was kept at 959 C for 15 minutes to activate the polymerase, followed by 35 (ˆrst round) or 30 (second round) cycles of ampliˆcation (949 C for 20 seconds, 609 C for 30 seconds, and 729 C for 30 seconds) and additional extension at 729 C for 4.5 minutes. The product was blunted, cloned in pBluescript vectors, and sequenced.
Gene expression assay. The eŠects of GnT-I 5?-UTRs on gene expression e‹ciency were assayed by fusing them to the coding region of theˆre‰y luciferase gene. 12) To make the fusion genes, the nucleotide sequence coding theˆrst two amino acids of the luciferase was mutagenized from ATGGAA to ACTGCA to make a Pst I site by site-directed mutagenesis. This gene was fused to GnT-I 5?-UTRs at the Pst I site in the sixth and seventh codons of GnT-I ORF. The expression plasmids were constructed by insertion of the thymidine kinase promoter from pBLCAT2 13) into a promoterless luciferase vector, pSV0ALD5?, 12) and replacing its original luciferase gene with the GnT-I 5?-UTR-luciferase fusions.
These expression plasmids were introduced into COS7 cells by a modiˆed DEAE-dextran method. 14) b-galactosidase expression plasmid driven by the bactin promoter was cotransfected as an internal control. The cells were lysed two days after the transfection and the luciferase activity was measured with a PiccaGene Luminescence Kit (Toyo Ink Co.) and Lumat luminometer (Berthold). The results were normalized by b-galactosidase activity in the same lysate. The background luminescence in the pUC19-transfected cell lysate was subtracted from all the data. All experiments were done in duplicate.
Northern hybridization and western blotting.
Total RNA was isolated from rat brain and liver, and GnT-I mRNA was detected by northern hybridization as described. 10) For protein preparation, rat brain and liver was homogenized by Te‰on homogenizers in phosphate-buŠered saline (PBS) containing 1 mM EDTA, 100 mg W ml ( p-aminophenyl)methanesulfonyl‰uoride hydrochloride, 10 mg W ml leupeptin, and 2 mg W ml aprotinin. Tissue debris was removed by centrifugation at 700 g for 10 minutes at 49 C. The supernatant was centrifuged at 100,000 g for 2 hours at 49 C to collect the membrane fraction. The pellet was suspended in PBS containing 1z Triton X-100, 0.1z SDS, and the proteinase inhibitors mentioned above, and stored at -809 C.
The protein samples (50 mg each) were separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocelluloseˆlters. Immunodetection of GnT-I was done with a‹nity-puriˆed anti-GnT-I rabbit antiserum, horseradish peroxidase-linked antirabbit Ig antibody (Amersham) and ECL detection reagents (Amersham) following the manufacturer's instructions.
Results

Structure of rat GnT-I gene
We screened a rat genomic library with rat GnT-I ORF and 5?-UTR probes to obtain three overlapping clones which covered all the known sequences of rat GnT-I cDNA. Nucleotide sequence analysis of the subcloned fragments showed the genomic structure of the rat GnT-I gene (Fig. 1 ). It was identical to the The nucleotide sequence is numbered in relative to the 3?-end of exon 1A. The vertical arrows indicate the transcriptional start sites for class 1AS GnT-I mRNA identiˆed by cap-dependent 5?-RACE. The 5?-end of exon 1A is marked by a slash. Other features indicated are: Underlines, potential binding sites for transcription factors; horizontal arrows, inverted repeat sequences which can make a stem-loop structure in class 1AL mRNA; double underline, a TATAA-like sequence properly spaced from the transcriptional start site at -43; Ets, Ets-family transcription factors; 21) GATA, GATA-binding factors; 22) CACCC-box, binding sequence for Kruppel-like factors. 23) The asterisk indicates that the binding sequence is on the complementary strand.
putative structure we previously suggested 10) except that the putative exon 1A turned out to be divided into two exons (exon 0A and 1A in Fig. 1 ).
Transcriptional start sites and their upstream sequences of rat GnT-I gene
Our previous analysis of rat GnT-I cDNA showed that all of the 5?-UTR sequence of the 3.0-kb (class 1AS-3) mRNA was included in the 3.3-kb (class 1AL-3) mRNA, suggesting that the 3.0-kb mRNA was transcribed from internal site(s) in exon 1A. 10) In the case of mouse GnT-I, however, the 5?-terminal 25-bp sequence of the 3.0-kb mRNA was reported not to be included in the 3.4-kb mRNA. 11) This posed the possibility that the 3.0-kb mRNA of rat GnT-I might actually be transcribed from another exon that was not included in the 3.3-kb mRNA, as well as mouse GnT-I, and we might have failed to detect this 5?-terminal sequence in the previous 5?-RACE analysis.
Since it is essential to localize the 5?-terminal exon of a gene for discussing about its transcriptional regulation, we analyzed the 5?-terminal sequence of class 1AS-3 mRNA of rat GnT-I by cap-dependent 5?-RACE. Among the thirteen RACE clones analyzed, eight clones were started from the position -43 relative to the 3?-end of exon 1A, four started from -100, and one started from -118 ( Fig. 2) . All the 5?-UTR sequences of the analyzed RACE clones were included in exon 1A. It indicated that the 3.0-kb mRNA of rat GnT-I was, unlike mouse GnT-I, transcribed from internal sites within exon 1A, and conˆrmed the gene structure shown in Fig. 1 . Existence of a TATAA-like sequence (TATTA) at -72 may also support this conclusion (Fig. 2) .
Attempts to identify the transcriptional start sites of class 1AL-3 and 1B-3 mRNA by S1 nuclease mapping and cap-dependent 5?-RACE failed (data not shown), probably because of their low abundance and high GC-content in their 5?-terminal regions. Therefore, the 5?-ends of conventional (capindependent) 5?-RACE clones were assumed to be rough estimations of the 5?-ends of exon 0A and 1B. Vertical arrows, 5?-ends of the previously cloned 5?-RACE fragments; 10) underlines, potential binding sites for transcription factors; Sp1, stimulating protein 1; 24) GATA, GATA-binding factors; 22) Ets, Ets-family transcription factors; 21) NF-kB, nuclear factor kB. 15) The asterisks indicate that the binding sequences are on the complementary strand. Analysis of the 5?-‰anking sequences of these exons showed some potential binding sequences for transcriptional factors, as shown in Fig. 3 . Since we previously found that expression of class 1B-3 mRNA was induced ¿10-fold by in‰ammation, 10) it was conspicuous that there was a NF-kB-binding sequence 15) in the 5?-‰anking region of exon 1B.
Suppressive eŠects of class 1AL-3 5?-UTR on GnT-I protein production
As we previously reported, the 5?-UTR of class 1AL-3 mRNA is unusually long (¿600 bases) and contains eight ORFs. In addition, it can form a stable stem-loop structure between the positions -212 and -174 (Fig. 2) . These features seemed to suppress the translation of class 1AL-3 mRNA and suggested a possibility that this class of mRNA might make only a small contribution to GnT-I production.
5?-UTRs of class 1AL-3 and 1AS-3 mRNA were fused to the coding sequence of theˆre‰y luciferace gene to test this hypothesis. When transcribed from the thymidine kinase promoter in COS7 cells, the 1AL-luc construct produced seven times less luciferase activity than the 1AS-luc construct (Fig. 4) .
We could not prove that this eŠect of GnT-I mRNA 5?-UTRs was caused by translational, not transcriptional, suppression since the fusion mRNA amount was di‹cult to measure due to their extensive degradation, probably because of their instability in COS7 cells. We therefore compared the GnT-I protein W mRNA ratio in rat brain and liver to estimate the relative translational e‹ciency of class 1AL-3 and 1AS-3 mRNA. GnT-I mRNA and protein in rat brain and liver was detected on northern and western blots (Fig. 5a, b) . The majority of GnT-I mRNA was 3.3 kb (class 1AL-3) in brain and 3.0 kb (class 1AS-3) in liver, respectively, and the total amounts of GnT-I mRNA were comparable in the both tissues. On the contrary, scarcely any GnT-I protein was detected in the brain extract under these experimental condition, while 48-kDa GnT-I protein was readily detected in the liver extract. Densitometric analysis of theˆlms shown in Fig. 5 indicated that the liver contained six times more GnT-I protein than the brain, while it had only 1.6-times more GnT-I mRNA than the brain. It suggested that the class 1AL-3 mRNA in rat brain was translated 3.8-times less e‹ciently than the class 1AS-3 mRNA in rat liver.
Discussion
It was well known that human, rat, and mouse GnT-I genes produced at least two mRNA species which were diŠerent in length, and brain was a characteristic tissue in all these animals in preferentially expressing the longer GnT-I mRNA, which was relatively minor in most other tissues. However, the physiological signiˆcance of this brain-speciˆc feature was unclear. Our study showed that the 5?-UTR of the longer mRNA had a suppressive eŠect on GnT-I protein expression in rat brain, suggesting a regulatory role for the selective expression of this GnT-I mRNA. This suppression of GnT-I expression might be related to the general tendency that brain glycoproteins have relatively high contents of highmannose and hybrid N-glycans.
A similar regulation was reported for mouse b 1,4galactosyltransferase (b 1,4GT) expression. 16, 17) b 1,4GT gene produces two transcripts, 4.1 kb and 3.9 kb in length, which diŠer only in the length of their 5?-UTRs. It was reported that the 4.1-kb mRNA was a ubiquitously expressed, housekeeping transcript which was translated 3¿5-fold less e‹ciently than the 3.9-kb mRNA because of the extensive secondary structure in its 5?-UTR. The translationally active 3.9-kb mRNA was speciˆcally induced in lactating mammary glands to achieve the ¿50-fold up-regulation of b 1,4GT activity required for lactose biosynthesis.
By analogy to b 1,4GT regulation, our results suggested an interpretation of the brain-speciˆc expression pattern of GnT-I transcripts: Regulated induction of GnT-I activity in brain may be achieved by inducing a translationally active mRNA, class 1B-3 mRNA for example, in speciˆc cell populations or under certain physiological conditions, while the translationally inactive class 1AL-3 mRNA supports the minimum housekeeping activity of GnT-I. Expression of class 1AS-3 mRNA may be repressed in brain to allow this regulation to work, while it is constitutively expressed in liver to maintain the high activity of GnT-I required in this tissue.
In this context, it is interesting that there was a NF-kB binding sequence in the 5?-‰anking region of exon 1B. This binding sequence is likely to be functional since the same sequence was known to be working in the rat angiotensinogen promoter 18) and GnT-I transcription from exon 1B was actually induced in rat liver by ¿10-fold in response to in‰ammation. 10) In the case of rat liver, where the majority of GnT-I mRNA was class 1AS-3, the induction of class 1B-3 mRNA was opposed by concomitant decrease of class 1AS-3 mRNA and the total GnT-I expression decreased upon in‰ammation. In rat brain, however, where little class 1AS-3 mRNA was expressed, NF-kB activation may up-regulate GnT-I activity through class 1B-3 mRNA induction. NF-kB is known to be activated in neurons by various stimuli such as ischemia and glutamate receptor activation, and are thought to be involved in neuronal survival and plasticity. 19) It was also reported that NF-kB was constitutively active in a certain subset of neurons in mouse cerebral cortex and hippocampus. 20) These data suggested an intriguing possibility of NF-kBdependent induction of GnT-I and variation of Nglycan structures in a restricted population of neurons. Although the in situ distribution of GnT-I mRNA in a mouse brain was reported, 11) no data has been reported about the distribution of GnT-I protein in brains. Given the regulatory eŠect of the GnT-I mRNA 5?-UTRs on GnT-I protein production, it would be indispensable to measure the in situ GnT-I protein distribution for understanding the regulation of N-glycan structures in brains.
Structures of the longer GnT-I mRNA in brains have been also reported for mice and humans. 9, 11) Compared with the shorter GnT-I mRNA, they were extended only in their 5?-UTRs, in the same way as the rat class 1AL mRNA. However, they were short-er than our class 1AL cDNA clones and did not have a region corresponding to rat exon 0A. Since the 5?ends of these mRNAs were not certainly identiˆed, discovery of exon 0A in the rat GnT-I gene suggested that the longer mRNA of mouse and human GnT-I may have additional 5? sequences coded by another exon. Actually, search of the Genbank W EMBL W DDBJ database revealed that the mouse genome have a sequence (accession No. AL606829) which was highly (96z) homologous to rat GnT-I exon 0A in a region upstream to Mgat-1 gene, and this sequence also appears as a part of 5?-UTR in some mouse EST clones coding GnT-I (BC031752, for example). Moreover, a sequence corresponding to exon 1B of rat GnT-I was also found in the mouse genome (AL606829) and EST clones (BB843602, for example). It suggested that the genomic structure of the mouse GnT-I gene might be homologous to the rat GnT-I gene. The 5?-most exon of GnT-I gene would need to be carefully identiˆed for discussing its transcriptional regulation in mouse and human brains.
